In this paper the lightning discharge channel is modelled as a vertical monopole antenna excited by a pulse generator at its base. The lightning electromagnetic field of a nearby lightning discharge in the case of lightning protection using four vertical lightning protection rods was determined in the frequency domain. Unknown current distributions were determined by numerical solving of a system of integral equations of two potentials using the Point Matching Method and polynomial approximation of the current distributions. The influence of the real ground, treated as homogeneous loss half-space of known electrical parameters, expressed through a Sommerfeld integral kernel, was modeled using a new Two-image approximation which gives good results in both near and far fields.
Introduction
A vertical mast antenna (VMA), excited by a pulse generator at its base, is often used for calculating the lightning radiated electromagnetic field as a model of lightning discharge channel of the return stroke [1] with the supposed channel base current at the striking point (e.g. [2] and [3] ). The lightning electromagnetic field (LEMF) from the current distribution along the channel is determined in the time domain using the antenna theory whereas the ground is usually treated as a perfectly conducting half-space [4] . Real ground influence is included in calculations in the frequency domain (e.g. [5] ) and then an Inverse Fourier Transform is used for obtaining results in the time domain. If the ground is treated as a homogeneous loss half-space, then the Sommerfeld integral [6] including ground electrical characteristics and system geometry parameters has to be solved. Several approximations of the Sommerfeld integral kernel have been proposed in literature in order to solve the integral numerically. One of those is the new Two image approximation (TIA) [7] of the Sommerfeld integral kernel that gives good results in the near and far field zone as well ( [8] [9] [10] ).
In this paper VMA and vertical lightning protection rods (LPRs) are treated as a unique problem for boundary conditions. Unknown current distributions along VMA and LPRs were determined from the SIE-TP [11] using the Point matching method as the Method of Moments (MoM) [12] and polynomial approximation for the current distributions [13] . Counter-poises of the antenna and protection rods, i.e. their contacts to the ground, are adopted as semi-spherical grounding electrodes equivalent to concrete mast foundations ( [14] ).
Input impedances of VMA with four LPRs in the surroundings and grounding impedances for different LHS electrical parameters are determined, as integral characteristics of the presented system, confirming the accuracy of EMF calculations. Results of Sommerfeld integral kernel calculations for different distances from VMA confirm the TIA accuracy in both near and far fields. The results are compared to the results of other authors [15] and their programs [16] .
In this way the LEMF is modeled in the frequency domain and a Fourier transform application can be carried out for determining LEMF in the time domain.
Theoretical Background
The lightning discharge channel is modelled by VMA having a total height 1 2 N h l l l = + + + and circular cross section of radius a, The surrounding ground is modelled by linear isotropic and homogeneous loss half-space of known electrical parameters: 2a 
, satisfy the SIE-TP and they are given with the following expressions:
for k referring to the k-th segment, 0 
Using the new Two-image approximation of the Sommerfeld integral kernel in (1)-(3), the following is obtained: Using this procedure and numerical solving of the SIE-TP the current distributions are determined, and afterwards the input and grounding impedances are calculated as:
for a Z -the input impedance referred to electric scalar potential of point A.
Numerical Results
Numerical results presented in the following tables illustrate the convergence of the input impedance for a different number of segments along VMA and LPRs and for a different polynomial degree in the current distribution approximation, as one of the validation parameters of the whole method.
For Table 1 , for a different number of segments N and different polynomial degree k n along each segment. For the VMA-LPRs system of parameters 0 0.25λ Table 2 , for a different polynomial degree k n , 1,... For the single VMA of height 0 0.5λ h = the results for a Z are presented in Table 3 , and for a VMA-LPRs system in Table 4 Tables 5 and 6 . On the basis of the presented convergence of the results for a Z it can be concluded that the used method is properly realized, because the input impedance presents a integral characteristic of the system. Modulus of current distribution as the function of a normalized distance along the s' axis is presented in Fig. 2 for the VMA, and in Fig. 3 for the four LPRs, for the following system parameters: 
, for ground parameters 10 
, for ground parameters 10 Table 6 Input impedance of VMA-LPRs for
Conclusions
Current distributions along VMA and LPRs are determined in the frequency domain in the case of a lightning discharge into loss ground in the vicinity of vertical LPRs. VMA and LPRs are treated as a unique problem for boundary conditions. For obtaining unknown current distributions, approximated by polynomials, the System of integral equations of two potentials is solved numerically by the Point Matching Method. After that the input impedance of the VMALPRs system is determined and also the grounding impedance.
Loss half-space influence is taken into account using the new Two-image approximation (TIA) of the Sommerfeld integral kernel. Besides simplicity and generality the proposed TIA has good accuracy in a wide range of distances from VMA, i.e. in the near and far field as well. After applying the proposed procedure and determining the electromagnetic field from the VMA-LPRs system in the frequency domain, Fourier transform can be applied for obtaining LEMF in the time domain.
